Mycobacterium tuberculosis has a relatively high resistance to killing by hydrogen peroxide and organic peroxides. Resistance may be mediated by mycobacterial catalase-peroxidase (KatG) and possibly by alkyl hydroperoxide reductase (AhpC). To determine the interrelationship between sensitivity to H 2 O 2 , catalase and peroxidase activities, and bacillary growth rates measured both intracellularly in human monocytes and in culture medium, we examined one laboratory strain, two clinical isolates, and three recombinant strains of M. tuberculosis with differing levels of KatG and AhpC. Five of the mycobacterial strains had intracellular doubling times of 27 to 32 h, while one KatG-deficient clinical isolate (ATCC 35825) doubled in ϳ76 h. Killing of mycobacteria by exogenously added H 2 O 2 was more pronounced for intracellular bacilli than for those bacilli derived from disrupted monocytes. Strains with no detectable KatG expression or catalase activity were relatively sensitive to killing (43 to 67% killing) by exogenous H 2 O 2 . However, once even minimal catalase activity was present, mycobacterial catalase activity over a 10-fold range (0.56 to 6.2 U/mg) was associated with survival of 85% of the bacilli. Peroxidase activity levels correlated significantly with resistance of the mycobacterial strains to H 2 O 2 -mediated killing. An endogenous oxidative burst induction by 4␤-phorbol 12␤-myristate 13␣-acetate treatment of infected monocytes reduced the viability of the KatG null strain (H37Rv Inh r ) but not the KatG-overexpressing strain [H37Rv(pMH59)]. These results suggest that mycobacterial resistance to oxidative metabolites (including H 2 O 2 and other peroxides) may be an important mechanism of bacillary survival within the host phagocyte.
Mycobacterium tuberculosis is a facultative intracellular bacterium which has evolved sophisticated mechanisms to allow it to survive inside host mononuclear phagocytes. Once phagocytosed, the organism resides in a vacuole which does not fully mature along the endocytic pathway (6, 32, 33, 37, 40) . Within the vacuole, the organism must protect itself against intracellular bactericidal mechanisms, including the production of reactive oxygen intermediates (ROI) and reactive nitrogen intermediates which diffuse freely through the cell (9, 11, 32) .
M. tuberculosis has been shown to have a high resistance to killing by up to millimolar concentrations of H 2 O 2 (15, 26) . This resistance is believed to be mediated by the sole mycobacterial catalase-peroxidase protein (KatG) and the alkyl hydroperoxide reductase protein (AhpC), encoded by the genes katG and ahpC, respectively (13) . Isoniazid, a widely used frontline antimycobacterial agent, requires activation by KatG before exerting a lethal effect (1, 41) . Isoniazid resistance in a majority of clinical isolates results from point mutations in katG (2) . Isoniazid-resistant mutants selected in vitro frequently lose KatG entirely. The availability of KatG mutant organisms has facilitated investigations of the role of catalaseperoxidase in the virulence of M. tuberculosis. These studies have produced conflicting results. Some investigators have observed no correlation between loss of KatG activity and virulence of M. tuberculosis in mice and guinea pigs (12, 16, 31) and no correlation between KatG levels and susceptibility to killing by hydrogen peroxide (15) . However, others have found a strong apparent correlation between KatG status and M. tuberculosis virulence (26, 29) . More recently, the loss of catalase and peroxidase activities in Mycobacterium bovis has been shown to correlate with the lack of virulence of M. bovis in guinea pigs (39) . Reintroduction of a functional katG into this strain restored both isoniazid sensitivity and virulence in the host animal.
Isoniazid-resistant mutant strains of M. tuberculosis which have no detectable KatG activity acquire a compensatory mutation resulting in an upregulation of expression of AhpC (36) . It has been suggested that this protein confers protection against H 2 O 2 -mediated damage even in the absence of adequate catalase and peroxidase activities, thus promoting survival of the organism in the environment of the phagocyte oxidative burst (36) .
To gain a better understanding of the role of the mycobacterial catalase-peroxidase and alkyl hydroperoxide reductase enzyme activities in resistance to host cell ROI defensive mechanisms, we utilized a series of clinical isolates and recombinant mutant strains of M. tuberculosis with varying levels of expression of KatG and AhpC. We measured M. tuberculosis resistance to killing by H 2 O 2 and studied the interrelationship between this resistance, the levels of expression of KatG and AhpC, and survival within human monocytes in vitro.
MATERIALS AND METHODS
Bacterial strains. The strains of M. tuberculosis used in this study, and their patterns of KatG gene expression, are summarized in Southern blot analysis using the katG probe and restriction digestion as described previously [25] ), as well as the recombinant strain H37Rv(pMH59) and the recombinant strain H37Rv(pMH91), which have been previously described (36) . The KatG-overexpressing construct consists of a 2.9-kb EcoRI fragment carrying the katG gene of H37Rv cloned into the polylinker site of pMV306 (36) . This construct contains about 85 bp upstream of the GTG start codon of katG. The vector system also has a synthetic promoter element incorporated into the polylinker driving expression of KatG (10) . Mycobacterial strains were grown for 7 days in Middlebrook 7H9 liquid medium (Difco, Detroit, Mich.) containing 0.05% Tween 80 (Sigma Chemical Co., St. Louis, Mo.) at 37°C with daily agitation. For the recombinant strains, isoniazid, kanamycin, and hygromycin B were added to the culture medium at final concentrations of 10, 25, and 50 g/ml, respectively. For stock preparation, aliquots of 10 8 bacilli/ml were frozen at Ϫ70°C. The culture medium was lipopolysaccharide free and without reactivity in the Limulus amoebocyte lysis assay (Whittaker Bioproducts, Walkersville, Md.).
Reagents. H 2 O 2 at 3%, 4␤-phorbol 12␤-myristate 13␣-acetate (PMA), and antibiotics (isoniazid, kanamycin, and hygromycin B) were obtained from Sigma Chemical Co. OADC supplement (sodium chloride, bovine albumin fraction V, dextrose, catalase, oleic acid) was obtained from Becton Dickinson (Cockeysville, Md.); human serum (pooled AB positive) was obtained from Biocell (Carson, Calif.).
Human monocytes. Peripheral blood mononuclear cells were isolated from fresh human blood (buffy coat) (New York Blood Center, New York, N.Y.) by centrifugation on Ficoll-Hypaque (Pharmacia, Uppsala, Sweden) and then diluted 1:1 with RPMI 1640 (Gibco BRL, Gaithersburg, Md.) culture medium as described previously (27) . The cells were resuspended in RPMI 1640 medium supplemented with 1% human serum (R1) and counted in a hemacytometer. For culture, peripheral blood mononuclear cell density was adjusted to 6 ϫ 10 6 /ml, and 0.5 ml was plated in 24-well Falcon tissue culture dishes (Becton Dickinson Labware, Lincoln Park, N.J.). The cells were left to adhere for 1 to 1.5 h at 37°C and 5% CO 2 . Nonadherent cells were removed by three washes with R1 at 37°C, and the remaining adherent cells were incubated in 0.5 to 1 ml of RPMI 1640 with 20% human serum (R20) at 37°C and 5% CO 2 depending on the assay (20) .
Infection of human monocytes. Monocytes were infected with different strains of M. tuberculosis on day 0, immediately after removal of nonadherent cells. For infection, aliquots of bacteria were thawed at 37°C and then sonicated for 20 s at a low-output power setting (model 60 Sonic Dismembrator; Fisher Scientific, Springfield, N.J.) to disperse clumped bacilli. The bacterial suspension, diluted in R20, was added to freshly isolated adherent monocytes at a multiplicity of infection of one viable bacillus per cell. All M. tuberculosis strains used in these experiments were phagocytosed efficiently; less than 1% of infecting bacilli were subsequently cultured from the extracellular medium at 4 h postinfection.
CFU assay. Adherent monolayers of 3 ϫ 10 5 infected monocytes (21) in R20 were cultured for 4 days. To facilitate release of the mycobacteria from the cells, phosphate-buffered saline containing 0.016% digitonin and 0.25% Tween 80 (Sigma Chemical Co.) was added to each well. After 10 min at 37°C, the organisms were processed for the CFU assay as previously described (28) . Briefly, the cultures were sonicated for four pulses of 5 s each at a low-output power setting to disperse clumps of bacilli. Serial 10-fold dilutions of the bacterial suspension were made and plated on Middlebrook 7H10 agar supplemented with OADC and antibiotics when necessary. After 14 to 21 days of incubation, plates containing 10 to 100 colonies were counted with the aid of a dissecting microscope. For each culture dilution, six replicate samples were plated and the mean number of colonies was calculated. To determine the generation time of the mycobacterial strains in Middlebrook 7H9 medium, 1-ml aliquots of growing cells were removed daily, sonicated for 20 s at a low-output power setting to disperse clumps of bacilli, and then processed for the CFU assay as described above. None of the M. tuberculosis strains replicated in cell-free cultured medium. Data for the growth curves of each strain are the results of three independent experiments.
Intracellular and extracellular killing assays. To determine intracellular killing by exogenously added H 2 O 2 , 4-day-infected monocytes in R20 were treated for 6 h with 10 mM H 2 O 2 . The cells were then disrupted by sonication for 20 s at a low-output power setting, and the culture was processed for the CFU assay as described above. For determination of extracellular killing by exogenous H 2 O 2 , the cell monolayers were disrupted before the addition of H 2 O 2 . H 2 O 2 was then added for 6 h, and the cultures were processed for the CFU assay as described above. Results for the killing assays represent the mean Ϯ standard error of the mean (SEM) of three to six independent experiments. Intracellular killing by PMA-induced endogenous H 2 O 2 production. Fresh human monocytes in R20 were infected on day 0 with recombinant strain H37Rv(pMH59) or H37Rv Inh r at a multiplicity of infection of one viable bacillus per cell. To facilitate the adhesion of the bacteria to the cells, the infected monolayers were centrifuged for 10 min at 369 ϫ g at room temperature and then incubated for 1 h at 37°C to allow phagocytosis. Infected monocytes were then treated with PMA at a final concentration of 100 ng/ml for either 2 or 6 h. To determine direct toxicity of PMA, bacterial suspensions at the same density in culture medium alone (no monocytes) were incubated in the presence and absence of PMA. After preparation of single-cell suspensions by sonication as follows, the CFU were quantified.
Detection of catalase and peroxidase enzymatic activities. A 200-ml culture of each strain was grown in Middlebrook 7H9 medium to a final optical density (OD) at 650 nm of 0.2 to 0.3. Bacterial cells were collected by centrifugation at 5,000 ϫ g for 25 min at 4°C, and the pellet was resuspended in 50 mM triethylamine (pH 7.8) containing 0.1 mM phenylmethylsulfonyl flouride to a final OD (at 650 nm) of 25. The suspension (1.5 ml) was lysed by adding 0.5 g of 0.1-mmdiameter glass beads and homogenizing with a BioSpec (Bartlesville, Okla.) Mini Bead-Beater for four 30-s bursts with cooling on ice for at least 1 min between homogenizations. The glass beads and cell wall pellet were removed by centrifugation at 10,000 ϫ g for 30 min at 4°C, and the supernatants were transferred to fresh tubes. Catalase assays were performed as described previously (3). Briefly, 100 l of the bacillary extract was added to 3 ml of 5 mM H 2 O 2 in 50 mM potassium phosphate (pH 7.0). The decrease in absorbance at 240 nm was monitored for 10 min, and the linear part of the curve was used to quantitate the rate of decrease by using an extinction coefficient of H 2 O 2 at 240 nm of 0.0435 OD/mM ⅐ cm. Peroxidase activity was determined as previously described (17) . Briefly, 100 l of the bacillary extract was added to 50 mM potassium phosphate (pH 7.0) containing 0.1 mM O-dianisidine and 23 mM t-butylhydroperoxide; absorbance at 460 nm was monitored, and rate calculations were performed with an extinction coefficient of 11.3 OD/mM ⅐ cm. Protein concentrations were determined by the method of Lowry et al. (24) . Specific activities were calculated by dividing the observed rate of decrease by the protein concentration in the crude extracts.
RESULTS

Intracellular and extracellular mycobacterial growth rates.
We examined the growth rates, both intracellularly in monocytes and extracellularly in the bacterial liquid growth medium (Middlebrook 7H9), for each strain. For the three recombinant strains, the doubling time (30 to 31 h) within monocytes was close to the doubling time of the laboratory strain H37Rv (32 h) ( Table 2 ). The clinical isolate CDC 1551 grew slightly faster than the reference strain both within monocytes (27 h) and in Middlebrook 7H9 medium (16 h). In contrast, the clinical isolate ATCC 35825 showed a dramatically lower replication rate within monocytes (76 h) and a somewhat lower extracellular growth rate in Middlebrook 7H9 medium (28 h) ( Table  2) . Thus, with the exception of ATCC 35825, all the strains studied had similar growth rates. Therefore, by using similar inocula for infection of the monocytes with five different mycobacterial strains, we achieved similar numbers of intracellular bacilli throughout the experiments. This enabled us to compare the effects of both exogenously added H 2 O 2 and endogenous H 2 O 2 -induced killing on similar numbers of bacilli. Fig. 2A . As expected, the two strains lacking in KatG and thus deficient in catalase activity (H37Rv Inh r and ATCC 35825) showed the greatest sensitivities to H 2 O 2 -mediated killing (67 and 43% killing, respectively). Surprisingly, overexpression of KatG had only a very small protective effect on intracellular survival following the addition of exogenous peroxide. Sensitivity to H 2 O 2 in cell-free culture after disruption of the monocyte monolayer was proportional to the sensitivity within monocytes but lower. The level of AhpC did not affect sensitivity to H 2 O 2 . This is in spite of the fact that the extremely high level of AhpC overexpression in H37Rv(pMH91) is sufficient to confer protection to micromolar concentrations of cumene hydroperoxide (36) .
Enzymatic activity levels of catalase and peroxidase. The enzymatic activities of the mycobacterial catalase and peroxidase were determined as described in Materials and Methods. Lysates prepared from the recombinant strain H37Rv Inh r (katG null) had no detectable catalase and peroxidase enzymatic activities (Fig. 2B) . In contrast H37Rv(pMH59) (with overexpression of KatG) showed the highest catalase and peroxidase activities (6.02 ϫ 10 3 and 4.20 ϫ 10 3 U/mg, respectively). All the other strains showed intermediate levels of these enzymatic activities. In general, the enzymatic activities were inversely associated with the H 2 O 2 -induced killing (compare Fig. 2B and A) . A statistically significant inverse correlation was noted for specific killing versus peroxidase activity but not versus catalase activity (Fig. 2B, inset) .
Killing mediated by the PMA-induced endogenous oxidative burst. To further explore the relationship between KatG expression and the ability of the mycobacteria to withstand ROImediated killing, PMA was used to induce an endogenous monocyte oxidative burst. For these experiments, PMA was added to monocytes infected with either H37Rv Inh r (katG null) or H37Rv(pMH59) (KatG hyperexpressed), which are the two strains of M. tuberculosis with the lowest and highest catalase and peroxidase activities, respectively. A 20% specific killing of H37Rv Inh r was observed 2 h after the addition of PMA to the infected monocytes (Fig. 3) . In contrast, H37Rv(pMH59) (KatG hyperexpressed) was resistant to the PMA-induced oxidative burst. After the initial reduction in CFU seen at 2 h, the H37Rv Inh r mycobacteria resumed replication at a similar rate to the growth rate of H37Rv(pMH59). No further killing was observed 2 to 6 h after PMA treatment. Exposure to PMA did not affect the survival of the control cell-free bacilli.
DISCUSSION
Survival of M. tuberculosis within the host macrophage phagosome requires that the bacilli be capable of resisting the normal microbicidal mechanisms of these potent leukocytes. The catalase-peroxidase protein (KatG) was implicated early in studies of mycobacterial pathogenesis because of the availability of mutants which had lost KatG function through the acquisition of isoniazid resistance. Even with these mutants, the relative contribution of the enzyme to mycobacterial survival within the host phagocyte has remained unclear. Some of the disparity in the published studies may be attributable to the use of a wide variety of model systems for evaluating virulence in which the actual effector molecules involved in mycobacterial killing may differ (e.g., nitric oxide synthase-mediated killing in murine macrophages [5, 7, 8] versus ROI-mediated killing in human mononuclear phagocytes [21] ). Conflicting results may also be due to the comparison of nonisogenic strains of bacteria which may have acquired undefined compensatory mutations. However, in some systems, catalase and peroxidase activities have been clearly implicated as a virulence factor of mycobacteria. For example, the addition of exogenous catalase during in vitro infection of murine macrophages with an atypical mycobacterium such as M. avium has been shown to enhance the survival of the mycobacteria (21, 34) . The relative role of KatG in the protection of mycobacteria against intracellular killing within human monocytes has not been previously evaluated. Our present results provide a clear correlation between the peroxidase activity of M. tuberculosis strains and the ability of the bacilli (whether laboratory recom- 
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M. TUBERCULOSIS RESISTANCE TO OXIDATIVE KILLING 77 binants or clinical isolates) to survive intracellular killing in human monocytes in vitro. These findings are supported by the observation that in patients with a genetic inability to generate peroxides, a rare, fatal disseminated M. bovis BCG infection often occurs following BCG immunization (23, 35) . The role of upregulation of the AhpC protein is considerably less clear. AhpC of yeast requires reduced thioredoxin for catalysis, and in vitro detection of catalytic activity of AhpC (a complex three-protein system) is exceptionally difficult (4) . Similarly, it is difficult to determine whether the overexpressed enzyme in H37Rv(pMH91) is functional or whether function is limited by the availability of the reduced thioredoxin cofactor. However, the finding that H37Rv(pMH91) has elevated resistance to killing in vitro by organic hydroperoxides such as cumene hydroperoxide suggests that AhpC may indeed be active in this recombinant strain (36) . In addition, the recent observation that there is increased intracellular survival of Mycobacterium smegmatis containing the Mycobacterium leprae thioredoxin-thioredoxin reductase gene suggests that this protein may contribute to mycobacterial survival (38) . In contrast to the in vitro observations suggesting a role for AhpC intracellular survival, in our experiments, AhpC hyperexpression did not appear to affect survival of M. tuberculosis following exposure to exogenous H 2 O 2 . This is consistent with other reported results indicating that AhpC overexpression does not alter the growth rate or virulence of M. tuberculosis in mice (14) . Thus, the role of AhpC compensatory upregulation in virulence and intracellular growth of M. tuberculosis remains unclear.
Our experiments indicate that in human monocytes in vitro, the ability of M. tuberculosis to withstand killing by exogenously added or endogenously stimulated H 2 O 2 is important for bacillary survival. This suggests that KatG-negative (isoniazidresistant) M. tuberculosis should be less capable of withstanding the in vivo oxidative burst in human mononuclear phagocytes and therefore less pathogenic in humans. Nevertheless, KatG-negative (isoniazid-resistant) mycobacteria can cause disease in humans. This may be due to insufficient levels of ROI in the infected lung. It is not known what the extent of the oxidative burst is in macrophages in vivo. The levels of ROI achieved within the granuloma may differ from individual to individual.
Gamma interferon (IFN-␥) has been shown to induce an increased oxidative burst in human monocytes in vitro (30) . It is therefore possible that within the granuloma in the presence of an efficient Th1 response and continuous local production of IFN-␥ and interleukin-12, the oxidative burst associated with phagocytosis of organisms and cellular debris may be sufficient to contribute to killing of the intracellular bacilli. On the other hand, if there is a defect in the Th1 response and IFN-␥ is not produced or is not functional in the lungs because of a lack of receptors for IFN-␥ (18, 19) , there may be lower amounts of ROI generated, leading to decreased killing of the infecting organisms and worse mycobacterial disease. Thus, the regulation of the oxidative burst within the infected lung, as well as the sensitivity of the mycobacteria to these toxic intermediates, will determine the outcome in patients. 
